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Abstract:  
The magnetization around the superconducting transition was recently measured in a high-quality 
Ba1-xKxFe2As2 single crystal with magnetic fields applied along and transverse to the crystal Fe-
layers [J. Mosqueira et al., Phys. Rev. B 83, 094519 (2011)]. Here we extend this study to the finite 
field (or Prange) regime, in which the magnetic susceptibility is expected to be strongly dependent 
on the applied magnetic field. These measurements are analyzed in the framework of the three-
dimensional anisotropic Ginzburg Landau (3D-aGL) approach generalized to the short wavelength 
regime through the introduction of a total-energy cutoff in the fluctuation spectrum. The results 
further confirm the adequacy of GL approaches to describe the fluctuation effects close to the 
superconducting transition of these materials.  
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1. Introduction 
 The discovery of superconductivity in iron pnictides [1] has stimulated an intense research 
activity in the last few years, not only due to their relatively high transition temperatures, Tc, but also 
to their similarities with the high- Tc cuprates (a layered crystal structure, a similar evolution of the 
superconducting parameters with doping, the proximity to a magnetic transition, and a pairing 
mechanism possibly mediated by magnetic interactions).[2] An aspect of the physics of these 
materials which still received very little attention is the diamagnetism induced by superconducting 
fluctuations above Tc. This effect, also called precursor diamagnetism, is a very useful tool to probe 
the nature of a superconducting transition and to obtain material parameters as the upper critical 
fields or the anisotropy factor.[3] In the case of iron-pnictides, the only work on the subject was the 
above mentioned one [4], performed in a Ba1-xKxFe2As2 single crystal (x=0.28) with magnetic fields 
applied both parallel and perpendicular to the ab (Fe) layers. It was shown that the three-dimensional 
anisotropic Ginzburg-Landau approach (3D-aGL) with a total-energy cutoff (Ref. 5) explained at a 
quantitative level the experimental data in the low-field limit. Here we extend this study to the finite-
field (or Prange) regime, in which the fluctuation magnetic susceptibility is expected to present a 
markedly field-dependent behavior.[3,6]  
2. Experimental details and results 
 The Ba1-xKxFe2As2 single crystal used in this work is the same as in Ref. 4. Details of its 
growth and characterization may be found in Ref. 7. Let us just mention that it has a well defined 
low-field diamagnetic transition with Tc = 33.2 ± 0.2 K (see Ref. 4), which allows to determine 
fluctuation effects down to very close to the transition temperature, for [T−Tc(H)]/Tc(H) ≈ 10-2. The 
measurements were performed with a SQUID magnetometer (Quantum Design, MPMS-XL), which 
allows a resolution of 10-8 emu in magnetic moment, m, enough to study fluctuation effects near Tc 
(in the 10-6−10-7 emu range in our 0.43 mg crystal). Examples of the as-measured m(T) curves for 
different magnetic field amplitudes and orientations (H ⊥ ab and H // ab) are shown in Fig. 1. The 
fluctuation contribution to the magnetic moment was determined from these curves by subtracting 
the background magnetic moment, mB(T), coming from the crystal normal state and in a much lesser 
extent from the quartz sample holder used. Such a background contribution was determined by 
fitting a Curie-like function, mB(T) = a + bT + c/T, to the raw data in the temperature interval 
between 37 and 50 K (a, b, and c are free parameters). The lower bound corresponds to a 
temperature above which the fluctuation induced magnetic moment is estimated to be smaller than 
the experimental uncertainty [4]. The resulting fluctuation magnetic susceptibility 
∆M/H=(m−mB)/VH is presented in Fig. 2. As it may be clearly seen, when H ⊥ ab the rounding 
associated to fluctuations is more pronounced and the sharp ∆M/H drop observed on approaching 
Tc(H) is more strongly shifted to lower temperatures, both effects being due to the slight anisotropy 
of the compound studied.[4] An example (corresponding to T = Tc) of the magnetic field dependence 
of ∆M/H for both field orientations is presented in the inset in Fig. 2(a). As it may be clearly seen, 
∆M/H presents a strong dependence with H, in contrast with the H-independent behavior observed in 
the low-field limit, when h << ε [4].  
3. Data analysis 
 To analyze quantitatively the results of Fig. 2, as the c-axis superconducting coherence length 
is larger than the layers periodicity length,[4] we will use the 3D anisotropic Gaussian Ginzburg-
Landau (3D-aGGL) theory. Buzdin and Feinberg derived an expression for ∆M in the framework of 
this approach for magnetic fields with an arbitrary amplitude and orientation.[9] However, their 
result is not applicable in the short-wavelength fluctuation regime, i.e. at high reduced temperatures 
ε ≡ ln(T/Tc) or high reduced magnetic fields h ≡ H/Hc2⊥(0), where Hc2⊥(0) is the upper critical field 
for H ⊥ ab extrapolated to 0 K. In Ref. 5 it was shown that the introduction of a total-energy cutoff in 
the fluctuation spectrum extends the applicability of GGL approaches to these short wavelength 
regimes. In particular, it explains the observed vanishing of fluctuation effects at ε ~ 0.5 in the low-
field limit [5], and h ~ 1 when T → 0 K [9]. By introducing the total-energy cutoff in the 3D-aGL 
approach for the fluctuation magnetization, for H ⊥ ab it was obtained [10,11] 
𝛥𝑀⊥(𝜀,ℎ) = − 𝑘𝐵𝑇𝛾√2ℎ𝜋𝜙0𝜉𝑎𝑏(0) ∫ 𝑑𝑥�(𝑐−𝜀)/2ℎ0 �𝑐−𝜀2ℎ + � 𝜀2ℎ + 𝑥2�𝜓 �𝜀+ℎ2ℎ + 𝑥2� − ln𝛤 �𝜀+ℎ2ℎ + 𝑥2� −
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Here Γ and ψ are, respectively, the gamma and digamma functions, γ the anisotropy factor, ξab(0) the 
in-plane coherence length amplitude, and c = 0.55 the cutoff constant [5]. In the limit c → ∞ (i.e., in 
the absence of cutoff) Eq. (1) leads to 
𝛥𝑀⊥ = − 𝑘𝐵𝑇𝛾√2ℎ𝜋𝜙0𝜉𝑎𝑏(0) ∫ 𝑑𝑥∞0 �� 𝜀2ℎ + 𝑥2� �𝜓 �𝜀+ℎ2ℎ + 𝑥2� − 1� − ln𝛤 �𝜀+ℎ2ℎ + 𝑥2� + ln√2𝜋�, (2) 
which for isotropic materials (γ = 1) is equivalent to the one derived by Prange [Eq. (3) in Ref. 6, for 
details see Ref. 10]. In the low magnetic field limit h << ε, Eq. (1) reduces to  
𝛥𝑀⊥(𝜀,ℎ) = − 𝑘𝐵𝑇𝛾ℎ6𝜋𝜙0𝜉𝑎𝑏(0) �tan−1 �(𝑐−𝜀)/𝜀√𝜀 − tan−1 �(𝑐−𝜀)/𝑐√𝑐 �,    (3) 
which is linear in h. In the absence of any cutoff it further simplifies to 
𝛥𝑀⊥(𝜀,ℎ) = − 𝑘𝐵𝑇𝛾ℎ12𝜙0𝜉𝑎𝑏(0) ε−1/2,     (4) 
which for isotropic materials is the well known Schmidt result [3,12]. The fluctuation magnetization 
for H // ab for finite magnetic fields may be related to the one for H ⊥ ab according to [13] 
𝛥𝑀∥(𝜀,ℎ) = 1𝛾 𝛥𝑀⊥ �𝜀, ℎ𝛾�.      (5) 
 The lines in Fig. 2(a) correspond to Eq. (1) as evaluated with the same superconducting 
parameters as in Ref. 4, namely µ0Hc2⊥(0) = 140 T and γ = 1.83, and by using Tc =33.3 K. The slight 
difference in the Tc value with respect to the one obtained in Ref. 4 (33.2 K) falls within the 
experimental uncertainty, and may be attributed to the use in Ref. 4 of an expression [Eq.(3)] which 
is strictly valid when H → 0. As may be seen, the agreement with the experimental data is excellent, 
and even extends somewhat below Tc [but still above Tc(H)]. In turn, Eq. (5) [evaluated with Eq. (1) 
and with the same superconducting parameters] seems to be in good agreement with the data 
obtained with H // ab, in spite that in this field direction the signal-to-noise ratio is significantly 
smaller than for H ⊥ ab. As expected, Eqs. (1) and (5) also reproduce the strongly non-linear H-
dependence of ∆M/H at Tc presented in the inset of Fig. 2 (solid lines).The behavior of fluctuation 
effects near Tc in iron pnictides is found to be qualitatively similar to the one observed in high-Tc 
cuprates [14] and in low-Tc metallic elements and alloys [9,15]. This seems to suggest that, apart 
from the differences in dimensionality and in the values of the superconducting parameters, 
fluctuation effects near Tc present similar characteristics in all superconducting families and may be 
described by conventional GL approaches. 
 The present experimental results and analysis are a further evidence that the precursor 
diamagnetism above Tc(H) in the moderately anisotropic 122 iron pnictides may be explained in 
terms of a conventional GL approach for 3D anisotropic superconductors including a total-energy 
cutoff in the fluctuation spectrum. This provides a constraint for any microscopic theory for the 
superconductivity in these materials, and may have implications in systems like the high-Tc cuprates, 
with similar superconducting parameters and possibly a similar mechanism for their 
superconductivity. It would be interesting to extend the present measurements to larger reduced 
magnetic fields in order to enter more deeply in the finite field regime and explore the limits of 
applicability of Eq. (1). In particular, it would be interesting to check whether fluctuation effects 
vanish at h ~ 1.1 as it was observed in low-Tc alloys [9]. 
Acknowledgments 
This work was supported by the Spanish MICINN and ERDF (grant no. FIS2010-19807), by the 
Xunta de Galicia (grants no. 2010/XA043 and 10TMT206012PR), and the european project 
ENERMAT. SSS and ADA acknowledge support from the CNPq and FAPERJ. 
References 
1. Y. Kamihara, T. Watanabe, M. Hitano, and H. Hosono, J. Am. Chem. Soc. 130, 3296 (2008). 
2. See, e.g., J. Paglione and R.L. Greene, Nature Phys. 6, 645 (2010); K. Ishida, Y. Nakai, and H. 
Hosono, J. Phys. Soc. Jpn. 78, 062001 (2009); D.C. Johnston, Adv. Phys. 59, 803 (2010). 
3. For a review, see e.g., Skocpol W.J. and Tinkham M., Rep. Prog. Phys. 38 1049 (1975). 
4. Mosqueira J., Dancausa J.D., Vidal F., Salem-Sugui Jr. S., Alvarenga A.D., Luo H.-Q., Wang Z.-
S., and Wen H.-H., Phys. Rev. B 83, 094519 (2011). 
5. Vidal F., Carballeira C., Currás S.R., Mosqueira J., Ramallo M.V., Veira J.A., and Viña J., 
Europhys. Lett. 59, 754 (2002). 
6. Prange R.E., Phys. Rev. B 1, 2349 (1970). 
7. Luo H., Wang Z., Yang H., Cheng P., Zhu X., and Wen H-H., Supercond. Sci. Technol. 21, 
125014 (2008). 
8. Buzdin A. and Feinberg D., Physica C 220, 74 (1994). 
9. Soto F., Carballeira C., Mosqueira J., Ramallo M.V., Ruibal M., Veira J.A., and Vidal F., Phys. 
Rev. B 70, 060501(R) (2004). 
10. Carballeira C, Mosqueira J., Ramallo M.V., Veira J.A., and Vidal F., J. Phys. Condens. Matter 
13, 9271 (2001). 
11. Soto F., Berger H., Cabo L., Carballeira C., Mosqueira J. Pavuna D., and Vidal F., Phys. Rev. B 
75, 094509 (2007). 
12. H. Schmidt, Z. Phys. 216, 336 (1968); A. Schmid, Phys. Rev. 180, 527 (1969). 
13. R.A. Klemm and J.R. Clem, Phys. Rev. B 21, 1868 (1980); G. Blatter, V.B. Geshkenbein, and 
A.I. Larkin, Phys. Rev. Lett. 68, 875 (1992); Z. Hao and J.R. Clem, Phys. Rev. B 46, 5853 (1992). 
14. Carballeira C., Mosqueira J., Revcolevschi A., and Vidal F., Phys. Rev. Lett. 84, 3157 (2000). 
15. Mosqueira J., Carballeira C., and Vidal F., Phys. Rev. Lett. 87, 167009 (2001); see also, 
Mosqueira J., et al., J. Phys. Condens. Matter 15, 3283 (2003).  
 Fig. 1. Temperature dependence of the as measured magnetic moment in the normal state for 
magnetic fields between 1 and 4 T applied perpendicular (a-d) and, respectively, parallel (e-h) to the 
Fe-layers. The lines are fits of a Curie-like function to the temperature interval between 37 and 50 K. 
The lower bound corresponds to the temperature at which fluctuation effects become smaller than the 
instrumental resolution. Such effects are clearly observed as a rounding of the m(T) curves for H ⊥ 
ab near Tc, but are unobservable in this scale when H // ab. 
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 Fig. 2. (a) and (b) Temperature dependence of the fluctuation magnetic susceptibility around Tc for H 
applied in the two main crystal directions. The lines correspond to the 3D anisotropic Ginzburg-
Landau result with a total-energy cutoff [Eq. (1) for H ⊥ ab, and Eq. (5) for H // ab] evaluated with 
the 𝐻𝑐2⊥ (0) and γ values derived in Ref. 4. Inset: Isotherms corresponding to Tc with the H 
dependence of ∆M/H for both field orientations. The lines correspond to Eqs. (1) and (5) evaluated 
with the same superconducting parameters.  
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